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Abstract. 111 pure cultures of �-itrosvmonas, coppt•r is known to c�use 
+2 
a stimulation or nitrific1tio11 al l1>w levels (s_ O.ll'3 mg Cu /l) :ind 
+2 
an inhibition affect at highc!r lt->vels (> 0 . 05 mg Cu /1). Nitrifyi.ng 
activ.:itcd sluclg�s .:trl� 111uc:h 111l1re tolt'rant of copper showing only 75% 
+2 
inliibtti.011 at 150mg Cu /I. Tht' purpose of this paper was to deter-
rniw:, thE' coppc>r sensitivity of a nitrifying biof i lm grown in a con-
tinuous flow trickling fi.lter system. 
A conti.nuous fl.ow tri.ckling filter system was built ustng li111l.."-
stone chips for t·lie hio(ilm suhst"ate. Th� bi1)f'.i lrn wns estnbl islwd 
from second.:iry e(fluent. Af U•r 1 month, a stable nitriCicati\1n rate 
of 4 mg N03 -Nil/hr was obtaiiwd at a (low rate· of 13.9 l/hr. A 
sy11t'1t•tic mt•diurn was then introJuced ;rnrl r-·H ;.·;�s �;t:ibl i.z.ed (6.5 - 7.5i 
v.:ith a polyst.:iltic pump buffer drip system for tlw n�st uf th� st11c.ly. 
lnl1ibi t i;111 st11dil?S at vnrrous copp e r l1:vt'ls (U.(l!)'j - ! .0 rng/1 <vu 
·w ... 're ini L int('d. C0pper w:is introduc�d for 12 hours, the c o lumn w;is 
drained, fl11sl1<'d with new synthetic medium, and r<·fillecl with thrcl' 
liters fresh 111edium. Ni.triri.caticn rote (tng N03 -N/1/hr) was mon1-
tored t'VPry I+ hours for 60 hours or unt i.l a return to the bas;d rate 
-
(12 - 14 mg NO
:; 
-N/l/hr) was noted. A peak ni.trification rate 
occurr.-d 12 i1n11n; n f t<' r i11trod11ction of the stimulatory level of 
I'' + 2 fJ. I() II!)', 1.: •• '//I r\t t·lw Cllppcr ]f:Vt.'l of I .o mg Cu I l, an i11unedi.:.1t1� 
Pl•l ,. vi· i 1 ,, , ,. s , , r mu c Ii 1110 r 1' s , ' n � i. l. i v L' t h a 11 t 11:1 t 
+ 'i 
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lNTRODUCTlON 
Bacterial nitrification has been of interest to soil scientists 
and agriculture for the past JOO years. l{ecently, interest in this 
process has been incr<-'asing espE>cially in tlH• arC'a o f  biological 
wastcw<ltf'r treatment. Discharge of nitrogenous com pounds from 
wastewater facilities can h.:ive m.'.lny deleterious e ffects 011 the 
environm0nt. 
13iostimulation o f  recE>iving waters due t o  excessive nitrogen 
discharge l(•ads t o  eutrophication and excessive plant (algal) growth. 
This growth i.n turn is a caus<1tivc! (actor i n  tlu• deterior.:itiPn of 
clear water, odor problems, a11<l low O.O.(dissolvt>J oxygen) levels 
which adversely affect fish and aquatic invertebrate life. Ammonia 
toxicity ts another problem affecting fish population (Process Design 
Manual for N Control, 1 9 7 5 ) . 
As a result o f  these environmental problems, the EPA currently 
has standards for ammonia disc:l1arge from treatmt'nt facilities and, 
therefore, 111ore and more treatment plants have co111e to rely on 
biological nitrification as a component of wastewater processing. 
The increase i n  biological nitrification use 1n wastewater treatment 
has product>d a nE>ed for more information on the causes o f  system 
breakdown .'.Ind th<' optimization of recovery. This is especially 
important in areas of industrial concentration where incoming 11sl1ock 
loads" of nitri fication-inhibiting substances are a real possibility. 
Thc> purpost• o f  tl1is study is to comp<1re the SE'nsitivity to copper of 
n niuifyin1� bi0fil111 to <.1n :ic.:tiv:it<•d sludge' syst(•m and n pun· Nitro-
somonas c11lt11rc>. 
2 
REVIEW OF THE LITERATURE 
BlOLOGJCAL NITRIFLCATION 
Nitrific::ition i s  a commonly used t erm for thf' proc<.>ss o f  
oxidati.on o( ammon ia to nitrate. Actually, the r e  are two major 
rPactions invulV\.'d: I l Nitn,c:: i fication - oxid::?ticn uf ammonia t o 
nitrite rind 2 )  Nitrif ication - oxid.1tion o f  n i tr i te to nitrate. 
(Unless sn indic.9tcrl, t h e  c om111nn definition of nitrification will be 
utilizPd in t his papl-'r . )  The au tot ropli i c  ni.trifying bacteria all 
dPriVl' Lhc>ir <.:(•LL ma te rials from tlw reduct io11 o f  C<>2 . These 
bacteria can be se parated into twu groups based on what com po und ts 
utiljz<'d to produce the energy nr>eded to as:;i.m i. l a t e  the co2• 
Those org<rnisms capable of o x i d i z ing ammonia to nitr ite (NH4 + + 0 2 
- - - - > N02 + Ent'rgy) ini:lude Ni.trosomonas, N i.tro sosei ra , 
Nitrosococcus, and Nitrosolobus; thos e or ganisms thnt oxid ize 
nitrite to nitrate (NO - + 0 ---->NO - + Energy) arf' Ni.trobacter, 
2 2 3 
Nitruspina! and Nitrncoccus (13uchallan and Gibbons, 1974). It has 
been w idely accepted and r epeated ly v0rif ied i n  was t ewater r e search 
that the oxid�tion of nitrite to nitrate by Ni. t r o ba c t e r  spPc i e s  norm-
ally occu rs much more r a p idly and , consequt'ntly , the con renr ra t ion of 
nitr i. te typically remains very low (les s t ha n  1 . 0 mg/l) (Randall .:rnd 
Huth, 1984). Many studies have been done on the "c l a s s ic" g:ou p o f  
nitri.fying or gan i sms (Nitroso111onas, N it rcbacte r ) which ;ire tho•..!ght tu 
be the 111a jor converters of ammonia to nitratP (LP.es, 1963), while 
very little h:is bC'cn don e on tht:? growth, metabolism, or inhibition of 
the otht'r gPnei-.'l or "no!lc l�ssic" gro•1ps . 
Crowth rl'qui.rt'lllC'lltS of the nitri rying b;1ct"Pri:i irv·lude ';j 
3 
+ specific inorganic n itrogen source (NH 4 or NO 2). The obl igatory 
specificity of th e nitrifying bacteria for a N source, along with 
their rel.:itively slow growth rates, can result in growth limitation 
due to competition i n  an environment with a high C:N ratio and a 
thriving hL'tcrotropllic pupul<.Jtion (Pa inter, 1970). Other 
requirements for growth are i norganic carbon cources, oxygen, and 
disputed amounts of trace elements. Nitrosomonas requires 
phosphorus, magnesium, iron, calcium, and copper (Lees, 1955). 
V;111Droogenbrot•ck t111d Lnudc lout ( 196 7) found 310 mg/! P to b�, t 11<> 
optimum concentration for highest growth rate and least lag time in 
Nitrosomon.:is. Sodium was found to be a necessary trace metal for a 
Nitrosomo11as str.:iin isolated from activated sludge (Lovel ess and 
Painter, 1968) in contr ast to the findings of Engle and Alexander 
(1958). Nt�cessary gnH..ith requ ire mE-� nts of N i.trobactcr are phosphorus, 
magnesium (LC'es, 1955), iron, molybdenum, and copper (Kiesow, 1962). 
The temper.:iture and pH range for growth are s i111i lar for both 
genera: 5 - 40 °c and pH of 6.5 - 8.5 for Nitroson1onas, 5 - JO 0c 
and pH 5.8 - 8.5 for Nitrobacter (Buchanan and Gibbons, 1974). 
BuS\v(dl and coworkers (1954) reported optimum growth temperatures to 
be in the r;rng<:' of 30 - 36 °c for N itrosomo nas. An optimum growth 
temperature range of 34 - 35 °c (or Nitrobacter was reported by Deppe 
and Engle in 1960 (in Painter, 1970), while Laudelout ;ind Van 
Tichdt'n ( 1960) reported the optimum growth temperature to be about 
42 °c. 
4 
HIOCHEMlSTRY OF N lTRlFICATION 
l'ue, in p.:Jrt, to tilt� difficulty o[ maintai.ning pur<> �-�!!"-��'!_n2��� 
nitrire oxidati1.rn rC'niains unclear. Various researc.:IH'!rs li:we 
determine<! that hydroxyJ.arni.ne plays a role in ammonia oxidation 
(Hofuwn and Lef's, 1952; Engle and Alt:!xan<l�r, 195�; Hnoper and Terry, 
1973). Lees in l95!� (in Painter, 1 9 70 ) cnncl.udPd that there should 
be three stages in ammonia oxidaLion to nitrite eac.:h involving two-
c l��ct ron changt' s .  The first stage h�1s bePn post1ilatL·<l a:;: 2Nll + + 0 
4 2 
-----> 2Nl 20H + 211+. The sec.:ond sLage has heen tlwori21.·cJ to b e  
hyponitrite� dehydroxyanunonia, nitroxyl, o r  nitrohydroxylarnine 
(Painter, 1970), although there is no substantiating evidence as yet. 
The proposed p:ithway for ammonia oxidati<Jn (::it this time) is: 
---> NH
/
'li ---> ? --·> N0
2 
- (Lees, 1963). 
NH + 
4 
Lt has been shown tl1at a copper containing prott'in is necessary 
for the oxidation of ammonia (Nicholas et��. 1 962 ) .  Nitrite 
oxidation by Nitrob�c.:ter is also known to involve an e117ym1� system 
requtrtng Ft"+2 nnd Fe+3 (Aleem and Alex�tnd<•r, 1958). Bec:111sP thr> 
sp(�cific chemistry of the nitrification process is still unclear, 
(P.w publications ;1re <ivail.1blP rel<iting to the modes of action of 
sp�cific inhibitory substances i n  Mitrosomonas and Nitrob;:ict�r. 
lfoopcr and Terry (1973) h:iv1•, howevt'r, implicated several biocltf'mical 
procf'SSE'S in [ln1111011ia oxid<1tion on the: basis of rt�ac.:tions involving 
i nli i I> i t (lr s :md Nil rt'So11101ws. 
nwt;il-bimling l'1'llll'Pll1Hls DTC (cJii>tliylditl1iocarba111atl') or KCN to 
5 
Nitrosomonas eel ls ('fable 1). When the inhibited eel L sus pension was 
treated with CuCl2, nitrite synthesis increased from 6 - 41% (in l>TC 
inhibited cells) and 1 4  - 30% (in KCN inhibited cells ) .  Fu l l  recov-
+ +2 
ery of NH4 oxidation was not expected a s  the authors found that Cu 
inhibited cell-free PMS (elE:ctron acceptor phenasine methosulfate)-
dependent nitrite synthetase (Hooper and Terry, 1 973) . 
P-460, a novel cytochrome from Nitrosomonas, was found to have a 
high affinity for CO and t o  b ind with NH2NH2 (Erikson and Hoo per, 
1972). The sensitivity of arr�onia oxidation to SKF 525, Lilly 1 8947, 
and CU (Table 2 )  suggests dependence on a factor similar to 
cytochrome P-450 of mammalian microsomes (Hooper and Terry, 1973). 
It was also found that several strong, nonpcrmeable enzyme inhibi tors 
were not inhi bitory to ammonia or hydroxyl.:lmine oxidation indicating 
that the a111111oma oxidation system is not located on the extreme outer 
cell surface o f  Nitrosomonas (!looper and Terry, 1 973). 
Harold, tn 1 970, found that the compounds UNP (dinitrophenol), 
du Pont I 799 (an' bi shexa f luoroace tony l eye I ohexane), and 
tetrachlorosalicylani lide (Table 3) appear to i nl1 i bit oxidative 
phosphorylation, ATP - dependent NADP reduction, protein pumping, and 
ion trm1s port in bacter i a. Thf'St:> co111pounds wc•rP also found to bl' 
sp<'c i fic inhibi tors o f  <.1tn111onta oxid<ition (Hooper and Terry, 1 97)), 
which suggested to the authors that one or more of these processes 
may be in some way i nvolved with ammoni a  oxidation. 
Short chain alcohols ('[able 4) s pecifically inh i b i t  ammonia (but 
not llydr11xyl:1111inr-) oxidation ( l lnopP. r and T<•rry, 1 973). Alcoholi; have, 
been shown tu rP<tCt with cataLtsl' (N i chol ls and Scltonbaum, lY63) anJ 
Table 1. Proposed metal chel a t ing substances which i nhibit 
n i t ri f ica t i on .  (Reference numbers refer to the citation 
S('Ction) 
Compound 
Allyl thiour1'<1 
2 '2, bipy ridi1w 
Inhib i t ion 
Concent r a t ions 
-fi 
10 
1Jiethyldithioc<1rbamate .I() � I 0 - M 
D i.mc: thy l gloxime 14��g/ l 
IJithiol 10 
8-Hydroxyqu i nnl ine I 0- . M 
KCN s ��o-6t., 
NaN l 0 -4' 
Na s 10 M r. 
o-Phenathroline 5 X 10-:.>M 
% Inhibition o f  
Ammonia Oxidation 
82% 
100% 
100% 
50% 
100% 
I 00% 
78% 
90% 
100% 
100% 
Reference 
18,47 
16' 18 
18 
16 
l8 
18,43 
18 
18 
18 
18 
6 
7 
Table 2. Enzyme and heme protein-binding compounds (Hooper and 
Terry, l 9 7 3). 
Inhibitor 
Concentration 
(M) 
Aminoguanidine 
3-Aminotriazole 
2 - Chloro-6-trichloromethy lpyridine 
( N-Se rve) 
CO (95% 0 : 5% CO) 
2,4-0ichloro(6- ph<.>nylphenox y ) ethyl­
am i.nehyd robromide (Li 11 y 5 3325 ) 
2,4-Dichloro-6-phenylphenoxyethy l ­
diethylamine (Lilly 18947) 
B-Diethy laminoethy ldiphenylpropyl-
acetate (SKF 5 2 5 )  
Oiphenylthiocarbazone 
Ethy 1 x.:rn t ha t0 
l-lsonicotinyl-2-isopropyl-hydrazine 
(lproniazi.cl) 
NII NH 
Thiosemicarba2ide 
l0-3M 
10-3M 
5 X 10-SM 
O.OSM 
1 o-4M 
10-4M 
5 X 10-SM 
3 X I u-SM 
J o-4M 
O.OlM 
2 X 1U-3M 
10-SM 
% Inhibition o f  
Ammon i a  Oxidation 
74% 
100% 
86% 
92% 
96% 
96% 
65% 
50% 
100% 
8 
Table 3. Uncouplers and inhibitors of e lec t ron transport (Hooper and 
Terry , l 9 7 3 ) • 
Inhibitor 
Molar 
Concentration 
Pl11..�naz ine met lisu l (ate 
m-Chlorocarbonylcyanidephenylhydrazone 
2, (1 -IJ i c It 1 o ropliC' no Lindt> phe no 1 
N, N '-Oicyclollexy lcarbod iimide 
2,4-Dinitrophenol 
Methylene blt1e 
aa'-bis(Hcx3fluoroacetonyl)cyclo-
hexano1w (du Pone l 79 9) 
Tetra chlorosalicylanilide 
5 X L0-4M 
l0-5M 
10 -3M 
5 x 10-5M 
2 x iu-�1 
10-4M 
% Inhibition of 
Ammonia Oxidation 
1UU% 
83% 
100% 
60% 
73% 
100% 
73% 
59% 
9 
Table 4. Alcohols which may react with a peroxide-metabolizing 
enzyme or as free-rac.lical trapping agents (Hooper and 
Terry, 1973) . 
Inhibition % Inhibition o f  
Compound Concentrations Ammonia Oxidation Re ference 
J\l lyl alcolwl 19. 5 mg/l 75% 43 
Amino ehtano l 0.2 M 43% 18 
n-Butanol 0. 11 M 100% 16' 18 
t-Butanol 0. 11 M 35% J 8 
Ethanol 0.09 � 100% 18 ,43 
Methanol 5 X 10 M 100% 18 
n-Propanol 0.33 M 100% 18 
i-Propa no l 0 .13 M 91% 18 
10 
peroxide-m0tabolizing enzyme or possib l y  act as (ree-ra<lical 
trapping agents (Hooper and Terry, 1 9 7 3 ) .  They a lso suggest that 
short chain <�mines compete with ammonia for a pennease-type Pnzyme, 
as dP11101H;Lr;1tPJ with 1111.:tl1ylmnine in fungi (llackc:l � al., J970 ) .  ln 
summary, the au th ors (Hooper and Terry, J 973 ) fee l that ammonia 
oxidation in Nitrosomonas is dependent on 1) some metal ton such as 
copper, 2 )  a CO bind ing-factor, 3) a P-450 like protein, 4 )  a 
functionally intact membrane, and 5 )  a role (or an H202 or OH 
radical -pr<1ducing, -u t i l izing, or -detoxifying syst em. 
l N l BITION OF NlTIUFICL\TION 
Inhibition of the n itrjfying process i n  general can occur 1n 
e i the r of two areas : I) inhibition of a primary oxidation step or 2 )  
inhibition of the C02 reduction-assimilation step. Many researchers 
have added to the li st of n itrif i cation inhibitors both physical and 
chemic.ii f.ictors. 
Physical Inhibition 
Nitrify ing bacteria have a narrow pH range tn which they 
maintain an active metabolism. Kholdebarin and Oertli ( 1977) 
report<�d that outs ide the range of 7 . 0  - 9 . 5 ,  less t l 1<1t 50% of the 
opti11111111 ratP of nitrification occurs. Wild and c o l leagues ( 1 9 7 1 )  
indicated that 90% of the maximum nitri f i cation rate occurs in the 
range o[ pH 7 . 8  - 8 . 9  and that outside a range of pH 7 . 0  - 9.8, less 
than 50% opt im11m rate occurs. Engle and Alexander (1958 ) reported an 
optimum r:itc• of ammoni;i oxidation in Nitrosomonas at pH 6.2 - 9 . 6 .  
Lt was suggvslt>d l11<Jt the inhibition of 11 i tri(ic:ation at hi.git pH 
v<llu1's is c:1us1•<l 111osrly b y  the injurious c·ffpct nf excess Nll3 :ind 
Nll20H present (Stojanovic and Alexander, 1958; Aleem and Alexander, 
1960). 
Temperature does affect the rate of nitrification and the rate 
increases throughout a range of 5 - 30 °c ( W i ld���.:' 1971). ln 
11 
C<.'ntrast, !Jp1-chart (1966, in Wild!:!. al., l971) indicated that nitri­
fication w;rs foirly constant i n  the temperature range of 15 - 35 ° C 
in activated sludge. Temperature changes have a greater effect on 
the rate of nitrate formation than on the rate of nitrite formation 
(Randa l l and Buth, 1974), therefore causing a potential toxic nitrite 
bu i I du p in act i va tcd sludge pron•sses when the tE•111pera ture drops 
below 12 °c. 
Hooper and Terry (1973) found that illumination of Nitrosmonas 
at 420 lux resulted in complete and irreversible inactivation of 
an1monia oxid.Jtion with no effect on hydroxylamine oxidation. The 
ratio of oxygen uptake in the dark to that i n  light (4000 lux) at 
25°c was 1:22 for Nitrosomonas and L:5 for Nitrob.:icu�r (Ullu�n, 1963 
in Painter, 1970). Lees (1963) suggested that the inhibition seen Ln 
Nitrobacter by earlier researchers may be related to some light­
induced malfunctioning of the cytochrome pigment system used in 
nitrite oxidation. 
Chemical Inhibition 
During a study to deterrnim' the effect of variable shock loads 
o f 130 D o n t h e r <'.I t e o ( n i t r i f i ca t i o n i n s e wage e ff l u c n t s , W i 1 d a n d 
coworkers ( 1971) observed that there was no apparent inhibition at 
130Dcnnc<>11lr:1tions nr S mg/ l , II rng/I, or 45mg/l. TltE>y proposed 
that <It a sust;ri11l'U higlt HOD lo;1di11g, nitrific;1tion would l'Vl.'nt11aily 
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cease due to increased sludge production and the washing-out effect 
that sludge wRsting would have on nitrifiers (a direct result of 
their relatively slow reproductive rate). 
Ulkl'll in 1963 (in Painter, 1970) reportl'd th;1t Nitroso111on;1s was 
less sensitive to oxygen depletion than Nitrobacter due to the 
greater c0111plt>xity of the ammonia oxidizing system in Nitrosomonas. 
The Michaelis constant (Km) for Nitrosomonas at 20° C was found to be 
0.3 mg/l (Schober! and Engle, 1964 in Painter, 1970; Loveless and 
Painter, 1968 ) .  Using trickling filter effluent run through a pilot 
nitrification unit, Wild and coworkers (1971) found that th1.:re was 
apparently no inhibition of nitrification occurring at DO levels 
greater than 1.9 mg/l. Randall and Buth (1984 ) found in activated 
sludge mixed liquor that concentrations in excess of 2 .0 mg/l UO were 
not rate l imiting. 
Early researchers (reviewed by Lees, 1963) found that ammonia 
was inhibitory to Nitrobacter. Ulken (1963, in �a i nter, 1970) 
dt'monstrated an increase in lag period and a decrease in the growth 
+ I 
. 
rate of Nitrobacter at 8 and 16 mg Nll4-N 1, respC'Cttvely. 
(1959, in Painter, 1970) reported that Nitrobacter is extremely 
sensitive to ammonium salts, especially at alkaii11� pH values, 
whereas the nitrite oxidizing enzyme system of the organism is not. 
Ammonia toxicity in Nitrobactcr was also noticed a s  increasing with 
increas ing pH (Stojanovic and Alexander, 1958 ) .  ln contrast, 
l<.holdebarin and Oertli (l977) reported that nitrite oxidati.on is 
+ 
stimulated by the presPnce of NH4 - N. Wild et al. ( 19 71 ) found that 
tht• 11itrific:1tin11 prn<·0ss WAS nnt inl1ihitPd hv :1111111oni:i nitrcw.r·n 
cuncp11lr<.1tions <>f Jr·ss tlt:1n 6() 111�\/I, hut s111c(' ltc• mc•ns11rpd r::itc of 
+ 
n i t r i f i c a t i on by t he c ha n g e i n t he i n i t i a l N H4 -N c on c e n t r a t i on , t he 
affect on N02
-oxidation by Nitrobacter was not determined. 
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Nitrite nitrogen has been f ound to inhibit Nitrosornonas (Oginsky 
and Umbriet, 1959). Meyerhof ( 1916, in Painter, 1970) found a 36% 
inhibition of oxygen uptake in Nitroso111onas at nitrite levels o( 
1400 mg N02-N and complete inhibition at 4200 mg NOrN/l. Lewis 
IC1959) and Pokallus (1963) (both in Painter, 1970) f ound that 
'nitrite was more toxic to Nitrosomonas than to Nitrobacter during 
logritlimic growth. Substontial concentrations of nitrite have been 
found to be toxic under the low pH conditions that result as 
alkalinity is destroyed during the nitrification process (Randall 
and !3uth, 1984). 
Nitroso1nonas wns not inhibited by a conc('ntration o[ 3g a111mon1um 
s1 lfote per liter and Engle and Alexander (1958) inferred that higher 
concentrations of ammonia -N would also be without effect. In 
contr.1st, lluckl•nhury and coworkers (1977) reported that .1111111crnia 
levels greater than 50 mg/l exert subsLrate inhibition effects on its 
(IWtl oxidation by Nitrosomonas. Engle and i\lexand2r (1958) found that 
60.)lmoles of nitrite per Warburg vessf-'l was slightly inhibitory to 
Nitrusomon.::is. Oxn'.<'n uptake by Nitn>hacrer was inhihitf>d 40% whPn 
-
nitrite levels wpre 1�00 mg N02- N/l and Boon and Laudelout (1962) 
felt that tile inhibition was due to undissociated nitrous acid. 
Loveless and Painter ( 1968) founrl "li.mitation" of Nitrosomonas gro\.,rth 
at 2500 mg NO-- N/l . 
2 
Meiklijohn (1954, in Painter, 1970) compiled a list o( metal 
chloridc•s which ro111plrt<>ly lir substnntially inhibit"d n•spir:1tion 111 
Nirrn�u111011;1s (T;1hlv 5). 
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Table S. Metal chloride s causing substantial inhibition to respira­
tion in Nitrosomonas (Meiklijohn, 1954, in Pai nter ,  1970). 
Metal Inhibitory Concentration 
Na, K ,  Mg 
Ca, Sr, Lia 
F1•, Al, Cu 
Zn, Pb, Mn 
Co 
Ni 
Ilg 
Ag 
o. sr-1 
0.3M 
l). u l l'i 
O.IJ!M 
O.Otl\M 
O.UUU2�5 
I X LO M 
2.5 X l0-6M 
{11,500 - 19,500 - J2,UOO mg/l resp.) 
(8,000 - 17,600 - 27,400 mg/l resp.) 
(160 - 170 - 610 mg/l rc>spc•ctivPly) 
(650 - 2080 - 550 mg/l rl'S!H'CtivC'ly) 
(59 mg/I) 
( 1 2  mg/l) 
( 2mg/l ) 
(IJ.25 mg/l ) 
+2 
Skinner and \fo l kl'r ( 1961,  i n  Pa i n t e r ,  1 9 7 0 )  found Fe u p  t o  
2 mg/ l had no e f fe c t  on growing c u l t ures o( N i t rosomo11as wh i l e 
0.25 mg/ l o f  Ni : 1 1 1d C r  comp l e t e l y  i n h i b i t <'d growt h .  Co n11d Mn u p  t o  
I mg/ l had no e f fect b u t  C u  was comµ l e t e l y i nh i b i tory a t  U. 5 mg/ l .  
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Ranrl.:i l l  and B u t h  ( 1 98 4 )  found th<it t he r e  was a synerg i s t i c  i n h i b i t ory 
effect between t Pmpera t u re and N i  t ox i c i ty for n i trif i ca t ion 1n 
Activated s l udge sys t ems . Beg and c o l leagues ( 1 9 8 2 )  u s i ng a f i xed 
film rPactor r.iod e l  found Cr caused 50% i n h ib i t ion o f  n i t r i f ic a t io n  
react ion <it 5 0  mg/ l .  Love less and Pa i n ter ( 1 968 ) tested severa l 
n� t a l  ions i n d i vidua l ly over a range o f  conce n t r a t i on s  for evidence 
of biolog i c a l  activ i t y  i n  a Nit rosomonas cu l t u r e  i so lated f rom 
ac t i vated s l udge a t  pH 7 . 3  and 7 . 9  (Ta b l e  6 ) .  
ln a c t ivated s l u dge s t ud i es, Tom l i nson � a l . (1966) found that 
conce n t ra t i on s  of met a ls necessary t o  i nh i b i t  ni t r i f i c a t i o n  were much 
higher than those required t o  g iv e  the same e f f e c t  i n  p u r e  c u l tures.  
Up t o  1 50 111g C u + �fi ( coppPr s u l fate) were requ i red to produce 75% 
+2 
inhib i t ion i n  act iva t ed sl udge n i tr i f i c a t ion compared t o  4 mg C u  / 1  
in pure c u lture . Many very po t e n t  i nh i b i tors o f  n i t r i f i ca t ion are 
metal-che l a t i n g ,  sulfur-containing compounds w h i c h  i.nhib i t  enzymes 
requ i r i ng nwt a l s  for acti vation (Lt>es, 1963; Dllw11 i ng ,  19h4) (Ta b l l' 
1). Cert a i n  chel a t ing agents ( t h i oureas, a l l y l - th io u r e a ,  8-
hydroxyqu i no l i n e ,  sal i.cyladoximc,  h i s t i d i ne )  were tox i c  to the 
primary oxidation reric t i o11 of N i t rosomonas (Lee s ,  1952) b u t  the 
t heory tha t  t hey a c t  i n  c he l a t i n g  some esse n t i a l  e l ement was not 
s11b5t ant i rirc•d. 
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iable 6. Effects o f  various metal ions on the biological act1v1ty of 
a N i t rosomonas s t rain isolated from activated sludge 
( Love less and Painter, 1968). 
Elcm(!nt Range TPste>d 
mg/ l 
Cu O.OU5 - 0.56 
cu-:: 0.005 - 0.48 
CJ 0.5 - 20 
t:J''  u.5 - 20 
Mg 12. 5 - I 00 
Zn 0.005 - o.s 
Co 0.005 - o.s 
Al 0.005 - l.U 
Sr 0.005 - 0.05 
Pb 0.005 - (). 05 
B o.ous - o.os 
�·: i n  p resence 
Concentration at which ef fect observed ( mg / l )  
S t i mu l ation lni.bition 
0.005 - 0.03 0.05 - 0. 56 
none none 
none> 0()1)(> 
0. 5 - JU lh'll(' 
12. 5 - 50 50 - 100 
none 0.08 - 0.5 
none 0.08 - 0. 5 
none none 
none none 
none none 
none none 
of 5 mg/ 1 EOTA 
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butyrate) were no t t o x i c  t o  Ni trosomonas , a l though mannose was found 
t o  be very growth - i nh i b i t ory ( Jensen , 1 960 ) .  Jensen ( 1 96 0 )  a ls o  
report ed glyc i ne ,  a lan i n e ,  and aspara g i ne t o  b e  strongly inhibi tory 
to growth of ;i st ra i n o( N i troson1onas ( T a b le 7) b u t  found aspartic 
a c i d ,  glutam i c  a c i d  and urea to be c ompar a t ively non-toxic toward 
cells. Hockenbury and Grady ( 1 9 7 7 )  found t hat a l i phat i c  or aromat i c  
amines do not act as competi t ive i n h i b i tors of ammon i a  ox i dat ion . I n  
contrast , Hooper and Terry ( 1 97 3 ) proposed that amines compete w i t h  
ammon ia for enzyme s i t e s .  Tomli nson and coworkers ( 1 966)  studied 
l l  i l r i f i c � ·  l i o 1 1  i 1 1  I i  i h i t i on i n a c t i vii l 1 '  d s 1 u d g <' < 1 1 1  d pr n d 1 1  c c ·  d a l i s t o ( 
inh ibitory su bs L;111ces that i n c ludes some i ndustrially s i g n i f i c ant 
compounds. Two o f  these compound s ,  chloroform and phen o l , are 
gE> 1H•rn l inh i b itors of bacterial metabolism. The t h r e e  most potent 
i n h i b i t or s  o f  <1mmonia o x i d a t i on stud i e d  b y  Hockenbury and Grady 
( 1 9 7 7) were doc.ll> cylam i ne ,  ani l ine , and n-methyl an i l i ne ,  all cau s i ng 
50% i nh i b i t ion n t  c on<.:l' n t r .:1 t i ons l l' S S  t ha n I mg/ l .  Tab J t• 8 i n c ludes 
a l i st i n g  of t es t Pd n i tr i f i c a t i on i n h i b i t ors w h i c h  are also i ndus t r i ­
ally signi f ic an t c h e m i cals. A sun1111ar y of a l l known inh i b i tor sub­
stances i s  i n c l uded a s  Table 9. 
The great number o f  known n i t r i f i cat i on i n h i b i t ors and the fact 
that many of them are industria l l y  significant c h emicals i l l u s trates 
one of tl1e prol> l <•111s f uc i ng wastewatPr treatment t od a y . Much more 
time and e f fort needs t o  be expended in t his area t o  greatly reduce 
the possi b i li t y  of system malfunc t i on s  in sewage f ac i l i t i e s  u t i l i z i n g  
b i olog i cal n i t r i f i cation as a phase o f  was t ewater trPatmen t . 
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Table 7 .  Nitr i f ication i n h ibitors containing free amine groups. 
Compound Reference 1'< 
Al lyl thiourea 
Amino Pthanol 
Amino quan i dine 
p -J\111 ino propiophenone 
3- /\mino tr i a z o l e  
Aniline 
L-Arginine 
Asparagine 
Aspartic Acid 
Benzidine diH C l  
Be nzoc a ine 
Benzylaminc 
D i  cy:ind i;1m i <le 
Uiquani<le 
Dithiooxamide 
D<,decylamine 
Ethylene d iomine 
Guanidine carbo 11;-1te 
lll'xamethylenc.> diaminC' 
1 8  
1 6 '  1 8  
J 8 
J 6 
1 8  
1 6  
10 
1 9  
1 9  
l 6 
1 6  
1 6  
4 3  
4 3  
4 3  
4 3  
J 6 
4 3  
l 6  
Compound 
L-Histidine 
Hydrazine 
L-Lysine 
L-Methion i n e  
Methylamine 
Methylamine HCl 
Methyl thiourea 
1 -Naphthylamine 
Naphthylethylenediamine-
diHC L 
N� m� 
p -i� i t r o a n i 1 i n e 
8-Ni trour<'a 
p-Phenylazoaniline 
L-Threon i ne 
Thioacetamide 
Thiosem icarbazide 
Thiourearea 
L-Va l i neazoani l i nc 
* refers to citation sect ion 
Reference �'< 
J o ,  16 
1 8 , 4 3  
10 
J O  
18  
43  
4 7  
J 6 
1 6 
J 6 
1 6  
4 3  
4 3  
10 
4 3  
1 8 , 43 
4 3 , 47 
1 0  
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Tab l e  8 .  Industrially s i gn i f icant chemic a l s  that a r e  i nhib i tory to 
nitrification. 
Compound Conce ntration 
Acetone O .  1 4  M 
Aniline 1 0 0 mg / l  
n-Butanol 0 . 1 1  M 
Carbon disul f ide 3 5  mg/ l 
Chloroform 1 8  rng/ l 
Etha no 1 1 8  mg/ l 
Ethylacetate 0 .  2 3  M 
Ethylene diamine l 00 mg / l  
llexamethy lene diamine 1 0 0  mg/ 1 
Meth.:ino l 5 X 1 0- 3  M 
�>he no 1 5 . 6  mg / l  
n-P ropanol 0 . 3 3 M 
i.-Propano 1 (). l 3 M 
% I nh i b i t ion o f  
Ammo n i a  Oxidation 
1 00% 
86% 
100% 
7 5% 
7 5 %  
1 00% 
1 00% 
7 3% 
5 2 %  
1 00% 
7 5 %  
1 00% 
9 1 %  
Reference * 
1 8  
I 6 
1 6 , 2 8  
4 3  
4 3  
1 8 , 4 3  
1 8  
1 6  
1 6  
1 8  
4 3  
1 8  
1 8  
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Tab le 9 .  Alphabetical listing o f  chemical subs tances inhi b i t ory to 
nitrification. 
-------·--
Compound Reference Compound Reference 
Acetone 18 
A l C l 3 29, 3U 
Ally l alcohol 4 3  
A l l y l  ch l or i d e 4 3  
Al l y l  i s o t h i o c y n a t e  4 3  
A l  l y l  t hiour0a 18,47 ,48 
Am i n o  e t h  Cl no 1 1 6 , l 8 
Amino gu a n i d i n 0 1 8  
p - /\111 i 11 0  p r o p i  opl 1 1•1wrw J (, 
) -Amino t riaz o l p  1 8  
As pa rag ine ( I  HOii) I 9 
L-/\rgi nine 1 0  
An i l i ne 16 
Aspa r t i c  acid 19 
Ba r i um c h l o r i d e 30 
Benzi d i rw d i I! C L  I 6 
Benzocaine 1 6  
Benzo t h i azo l e  d i s u l fide 4 3  
Benzy l a m i n e 1 6  
2 , 2 '  B i py r i d i n P 1 6 , 18 
<i a ' Bi s ( ht> xa f 111 0  n1a c et on y l ) -
cyclohexanone( OuPont l 799) 1 8  
Bisphenol (Na salt) 47 
l�romod i c h l o ropropane 4 7  
n - B u t a n o l  1 6, 18 
t - But ano l 18 
Calcium c h l o r i de 
Carbon d i s u l f i d e 
29, 30 
4 3  
Chlorocarbonylcyanidepheny l -
Hydrazone 1 8  
C h l o r o form 4 3  
J - c h l oro-6 - t r i c h l o romet hy l -
pyr i d i ne ( N-Serve) 9,16, 1 8  
CoC1
2 29, JO 0-Cn'SO 1 18 
CuCI 
O i. a t1 y J  e t h e r  
1, 2 Oibromo0thane 
2 , 3  D i bromo p r o pa n - 1 - o l  
!heh lnrol1t'xv I c:1 rbocl i i  m i. de 
29, 30 
4 3  
47 
47 
1 6  
D i c h l n r<tpl11'n11 l i n<lopht> n o l  1 6, 1 8  
2 , 4 - [) i c Ii  l o l'<) - 6 - p I H• n y I p Ii  e n  ox y -
e t h y l l 1ydrohrrnn i de (L i Lly 
53325) 1 8  
2 , 4 - D i ch l o r o - 6 - ph e n y l phenoxy-
ethyldiethylamin e ( Lill y l 8 947)18 
Dicyandiamide 4 3  
N, N ' Dicyclohexy l ca r bodiimide 1 6, 18 
B - D i e t  hy 1 arni noe t h y  lcl  i pl1eny 1-
propy lace ta te ( SKF525) 
Die thyldithiocarbamate 
D i guanidc 
Di tll(' thy I g I ox i uwl>.i?.utH:' 
[)in i t  r o plH·no l 
D i phenylthiocarbazone 
D i. t h i o l am i n e  
O i t h i oox a m i d e  
Dodecylarnine 
Ethanole diarnine 
E t h y l a c e t a t e t e  
Ethylene diarnine 
�thyl xanthat e  
Guanidine carbonate 
H(�xame t h y  L e n e  d iam i  ne 
1.-lli stidinc 
Hydrazine 
H y d r oxy q u i n o l i ne 
Fee t2 
l - I sonico tinyl-2-isopropyl-
hydrozine ( lproniazid) 
Pbcl2 . L-Lys ine 
MgC12 
MnC12 
Mercap tobenzothiazole 
HgC 12 
M1! th a n o  1 i ne 
L-Methionine 
Methylamine 
Me t h y l a m i n e  h y d r oc h l o r id e>  
n-Methy lan i I ine 
M e t h y l e n e  B l ue 
M e t hy l i so th i oc y n n o te 
Me thy l t h  i o u r  e a  
N:i2 N 1 -N .:iphthy l :1111i IH' 
N <.i p h t hy l c t h y l c>nt•d i ain i n e d i l ! C l 
N a S  
18 
18 
4 3  
1 6  
1 8  
I 8 
1 8  
4 3  
4 3  
1 8 , 4 3  
18 
1 6  
18 
4 3  
1 6  
I C l ,  I 6 
1 8 , 4 3  
1 8, 4 3  
1 0  
1 8  
29, 30 
1 () 
29, 30 
30 
4 3  
30 
1 8  
10 
J 8 
4 3  
16 
18 
4 3  
47 
1 8  
1 6  
I 6 
18 
Table 9 .  cont i.nued 
NH 2NH 2 
N i C l 2  
Ni nhyci r i n  
p-N i t ro.111 i I itH' 
8-N i t ruurea 
Pentab romoplw no l (Na sa l t )  
o - Phenan t h ro l i ne 
Pltenaz i ne methos u l fate 
Phenol 
p - Pheny l azonn i l i.ne 
K<.:l 
KCN 
Pot ass i um t h i ocyanate 
n - Propano l 
Qu inac: r i nc 
AgCL 
Skatol 
NaCl 
Na d imcth y l d i th i oc a rbamate 
1 8  
3 0  
1 6  
1 6  
4 )  
4 7  
1 8  
1 8  
4 )  
1 6  
JO 
1 8  
4 3  
1 8  
4 9  
30 
4 3  
30 
4 3  
2 1  
N a  methy l d i t h i oc a r bamate 4 3  
SrC 1 2  29' 30 
Tann i e  ac i d  1 6  
2 , J , 5 ' , 6 ' l l' l r :J b r o mo be s p ht: no l -
( S od i Ulll ) 4 7  
Te t rac h l orosa l i c y l a n i l i d e  1 8 , 4 7 
Tet rame th y l ammo n i um c h l o r i d e  2 7  
Te t r a  me t h y  l t h i u r :1 md i s u l f i d e 4 3  
Thioace tamide 43 
Th iosem i c a r b a z i d e  1 8 , 4 3  
T h i. o u r e a  4 3  , 47 
L-Threon i n e  4 7  
T r i bromophc>nol 47  
Te i c h  J orome thy l pyr i d i ne 4 7  
T r i e t h y l am i ne 1 6  
L-Va l ine J U  
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MATERIALS AND METHODS 
The Appa r a t us . A con t i nuous f J nw t r i c k l i n g f i l r c r  s y s t t•m ( F i g . I )  
was const ruc t ed f rom a 66 . 0  c m  sec t io n  o f  4 . 0  c m  i n s i de d iame t e r  
PVC p i pe , t ygun t u b i n g ,  r u b b e r  s toppers , s t a i n l e s s  s tee l d i f fuser 
p la t e ,  4 - l i te r  g l a s s  r e s e rv o i r ,  a i r  pump and a i rs to n e ,  and Gorman-
Rupp I ndu s t r i e s  pump (Mod e l  # 1 49 2 5 - 00 1 ) .  The PVC p i pe was f i l l ed 
with  c rusheJ l imestone c o l l e c t ed from a n  e a s t - ce n t r a l  I l l inois  s t one 
quarry and s i eved t hrough s creens t o  ob t a i n  a n  a v e r age s t one s i z e  o f  
6 . 5  
3 
mm • P r i or t o  p lacement i n  t he PVC p i pe ,  the s tone was washed i n  
hot wa ter , c o l d  wa t e r ,  and l a b  p u r e  wat e r .  T h e  recyc l e d  med ium,  
aerated by an a ir s tone i n  t he l a rge g lass reserv o i r ,  was pumped from 
the reservo i r  to the top o f  the PVC p ipe and ( l owed by grav i t y  
through the grave l bed back i n t o  the rese rvo i r .  The g l a s s  rese rvoi r  
the screened w i t h  a l u m i nu m  fo i l  t o  m i n i m i z e  a l ga l g rowt h .  A Power-
s t a t  v ar i ab l e  a u t o t rans former ( Model # 1 1 6 B- 1 1 5 9 )  was used t o  regu l a t e  
t h e  current t o  t h e  G R I  pump, a l lowing manua l regu l a t io n  o f  t h e  med i um 
f l ow r a t e  t h rough t h e  sys tem.  
B io f i lm E s t ab l i shme n t .  Secondary eff l ue n t  from t h e  Cha r l e s t on , 
I l l in o i s ,  Was tewa t e r  Treatment P l an t  was used i n i t i a l ly t o  e s t ab l i s h  
a n i t r i (y ing b i o f i l m .  Ini t ia l  f low r a t e  was 1 3 . 9  I / h r . Ammonium 
t 
su l fa t e  s o l u t i on ( 200 mg/ l NH1� - N  f i n;d conc<• 1 1tr<i t i on )  was a<ldt>d t o  
each J l o f  fresh second a r y  e ( ( l u e n t  a s  a n i l rogen source . The 
llll'U ium W<IS r<' p l <1cPd every 24-48 h ou r s .  
Wl11•11 t h l· 11 i t  r;i t (' C(lllC<.!11t r :it i 011  n p p rn:ic lt<•d 2\JO m g /  I , dll ( '  t o  
<1111111011 i a  cunvl'1· :-; i nn t o  n i t r a t e  ; 1 11 d  h i o f j l 111 grow t h ,  more Nll +- N  f<'NI 
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solut ion was added ( u p  to 500 mg/ l  total feed ) .  Once the b io f i l m  
appeared s t ab l e  w i t h  regard to i t s  n i t r i f i ca t ion ra te , an ana l ys i s  
was made to d e termine the mos t  e f f i c i e n t  f low r a t e .  Ni trate  leve l s  
1�ere dt:>t c>rrnine<l u s i ng an Orion R£'1'f':Jrch Iona l yzc>r ( Mo<lC' I fl407A) 
:rnd an Odon N i trate  Se l ec t ive ion e l e c t rode (Mode l  #90-02 ) a t  four 
d i fferent f low ra tes and the mos t  e f f i c ient  flow rate was used 
throughout tli1• rest o f  the exper iment . The pll o f  t he m e d i u m  rema ined 
cons tant  at  7 . 2  throughout the f low rate  t e s t s .  
N i t r i f i c a t ion i n  Syn t he t i c  Med i a .  Once the b i ofi lm was e s t ab l i shed , 
che s y n t li 0 t i c  mt'd i um of lleg a1 1d  f\ t i qua l lah ( 1 9 7 ] )  was i n t roduct•d . 
The Bt•g nnd f\t i q u a l l a h  med i um conta ined a N<1llC0 3/ Na'.2C03 bu f fe r  
s y s t e m ,  which when a c t ua l l y  te s ted , had an i n i t i a l  p H  of 9 . 8  ( not  the 
reported 8 . 5 ) .  l n  a n  a t t empt to  a l leviate t h i s  h igh pH pro b l em ,  the 
Na2 co3 compo n e n t  was omi t ted and t he NaHCOJ c once n t ra t ion was 
increased ( t o 3 g/ L )  un t i l  an i n i t i a l  pH of 8 . 0  wa s reached . U pon l ini t i a l  use , howeve r ,  
I hours , the pH ros e  to  
pH s t ab i l i t y rapid l y  dete r iorated ; after  50 
9 . 6 .  
I\ second mod i fi c a t ion was t o  reduce the NallC03 conce n t r a t ion to  
r p g/ L.  This  N<.illC03 leve l provi ded  a n  i n i t i a l  m<'d i u m  w i t h  a pll of 
I 
7 . 4 ,  but a ft e r  LO min ute s  o f  recyc l i ng,  the pl!  had in creased t o  7 . 9 .  
A di f f e r e n t  synt he t i c  medium ( Rand a l l  and Bu th , 1 984 ) was next 
ITl t is  system p rovided n med i um w i t h  an i n i t i a l  pH of 7 . 3 ,  b u t  t h E'  jned iu111 soon bt•c.:Jme acid i c  ( pl! 4 . 4 - 5 . 4 )  as  n i t r i f i c a t iun progressed . 
To so lvt• L h i s  probl 1·111, ;1 Uuc h l< ·r  l 11 s t rum0 nt s l'o l y s t ;J l t  ic  pump (mod<>l l,f!IJ1 J J ) w;,s i n t ..odnc"d t o  p r o v i <l<· LJ slow " <l r i r- r· · · ·d" u r  b u f f<·r t o  t i • "  
'� l ; i s s  r<'s1· r vo i r .  Th is 1111•d i 1 1m and i t s  mod i f i cn t i on succt• s s f u l l y  
25 
Table 1 0 .  Synthe t i c  medium for n i t r i fying biofilms (Randal l and 
Bu th , 1 9 84 ) • 
Medium Component 
MgSC1 4( 7 H 20 )  
MnS04( H jJ )  
Fl'SO 11( 71-1 :2() ) 
C.:aC l 2  
K 2HPO 4 
Kil 2PO 4 
Na �0 3 
Concen t r a t i o n ,  mg/ l 
4 4 . 0  
4 . 4  
o .  56 
3 . 3  
5 9 0 . 0  
2 90 . 0  
320 . 0  
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maintained the p H  at 6 . 5  - 7 . 5  throughout the course of nonstressed 
nitrif ication. Additio nal buffer was added during the inhibition 
studies as nee<led to control the downward shift in pH due to the 
large i n c r e a s e  i n nit r ification rates. 
Inhibition Studies. Changes i n  nitrate-N production or ammonia-N 
utilization were used to indicate i nh i b ition or stimulation o f  the 
biofilm after known inhibitory substances were added. Originally, 
2 0 mg/ l Cr 
+2 
and 1000 mg/ l F - were used as i n h i b i t o r s . The response 
of the b i o f i l m s y s t e m ,  however, indicated a possible ion exchange 
reaction occurring within the column ( F- Cor NO ; , cr+2 for Nllj.+ ) , 
+2 
masking true n itrification rates. Consequently, copper (Cu ) at 
concentrations of 0 . 005 - l.U 
The inhibitory substance 
mg/l were used instead. 
+2 
(Cu ) was added to f resh synthetic 
medium, and ni trate-N production was monitored on a 4-hour basis for 
1 2  hours. The column was draint>d, rinsed with 500 ml of synthetic 
+2 
medium to rt'move residual Cu , and tile systP111 re filled with 3 l of 
fresh medium. A 24 - 48 hour recovery pe riod was monitored at 4 hour 
intervals and the pH buffer and feed solution ( ( N114 )2 S04 ) were added 
as necessary to prevent nutrient depletion and gross pH changes over 
prolonged p0riods. Calculations of nitrate l evels were c o r r e c t e d  [or 
dilution by �d<led feed and buffer solutions. 
27 
RESULTS AND DISCUSSION 
The ni t r i fy i n g  b i o f i lm was e s t ab l i s hed i n  secondary e f f l ue n t  
( Fi g .  2 ) .  A f t e r  a pprox ima t e l y  l mon t h ,  a t  a f l ow r a t e  of 1 3 . 9  l / l i r ,  
t h e  n i t r i f i ca t i on r a t e  had leve l e d  out a t  about 4 . U  mg/ l N(� - N / 1 / h r .  
A t  t h i. s t i.me , t h e  b i o f i lm appe:irc·d h e a l t hy , exhibi t i n g  t h e  t yp ic a l  
orange - brow11 c o l o r ,  gram nega t i v e  b ac i l l i ,  and a s s o c i a t e d  s l udge 
worms. 
A f l ow r ;1 t (• s t ud y ,  to de te rm i ne t lw mo� t e f f ic i en t  f l ow r a t e  t o  
use f o r  the rf'm n i n d t:> r  o f  t h e  i nh i b i t ion s t ud y ,  u t i l i zed med ium f l ow 
r a t e s  o f  1 1 . S  1 / h r , I J . 9  l / h r ,  2 ".3 . 6  l / l 1 r ,  and 2 6 . 4  l / h r .  Tile 
resu l t a n t  2 J . 8  l / h r  rate was found to be the mos t  E> f fi c i en t for 
nit r i f ication ( r' i g .  J ) .  N i t r i f i c a t ion peaked a t  9 . 0  mg/ l / hr . An 
equa l l y  e f f ic i E> n t  r a t e  o f  2 2 . 6  l / h r  was t h e  r a t e  eventu<J l l y  used 
dur ing the i nh i b i t ion s tudy . A t  rates l ower than 1 1 . 5  l / h r ,  t h e  
rec i r c u l a t i n g  pump was no t a b l e  t o  r e t u r n  medium t o  t h e  top o f  t he 
co l umn .  
Synt he t i c  med i um ( Ra nd a l l  and Bu t h , 1 984 ) was next  i n t roduced ,  
and a prob lem w i t h  pH i n s t ab i l i t y  was imme d i a t e l y  e v i de n t .  Dur i n g  
the n i t r i f i c a t ion process,  a l k a l i n i t y  is des t royed and t h e  pll 
decreas e s , wh ich causes problems when working w i t h  a smal l v o l ume 
rec i rc u l a t ing system.  The Rand a l l and Bu t h  ( 1 9 84 )  medium was 
modi f ied w i t h  add i t ion o f  a po l ys ta l t i c  pump and b u f fe r  sys tem w h i c h  
resu l t ed i n  a r e l a t i ve l y  con t ro l l a b l e  p H .  As can be seen i n  F i g .  4 ,  
pH v a r i ab i l i t y  was grea t l y  reduced a ft e r  t h e  b u f f e r  mod i f i c a t i o n .  
O t h c.> r  a d v a n t agt'S o f  t lw u s e  o f  t he synthe t i c  m ed i um a n d  i t s 
modi r i c a t  ion Wt' r<' a l s o  apparent . The more than adc� q u a t e  nu t r i €' n t  
cnn t C' n t 0 f  thP � y n t l 1 e t i c  med i um a l l owed thE> n i t r i f i c a t i on r a t e  'to 
28 
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reach a much h igher leve l ( 1 2 . U  - 14 . U  mg N°-3 -N/ l / h r )  than when 
secondary e f f luent was u t i l ized ( 6  - 7 mg NC3 - N / l / h r ) . 
The c ho i ce o f  copper a s  an i nhib i tor was made for seve ra l 
reason s .  Tl1e use o f  copper a l  l owl'd for cmnp.: H i so1 1  w i t h  prev i ous 
a c t ivated s l udge and pure N i t rosomonas cu l t ure n i t r i f i ca t ion 
i nh i b i t ion s t ud i es , and i t  a l so m i n im i z e d  ear l ie r  p robl E>ms encount e r-
ed when t h e  b i. o f i l m  pre sumab l y  acted a s  a n  ion-exchange c o l umn upon 
a d d i t ion o f  F - and Cr 
+2 
i nh i b i tors . Copper i s  a l s o  known t o  be 
u t i l i zed by t he b i o f i l 111 i n  the ammon i a  o x i d a s e  s y s t em of N i t rosomonas 
( N i  ch o l as  �£ .: d • , l 96 2 )  • 
Prev i ou s  research h a s  i nd ic a ted t ha t  the presence o f  l ow leve l s  o f  
+2 Cu are s t imu la tory t o  ammon i a  o x i d a t i o n  i n  a pure N i t rosomonas 
c u l t u r e  i s u l a Led from a c t ivated s l udge ( Love l es s and Pa i n t e r ,  1 96 8 ) .  
At h i gher leve l s ,  Cu+
2 
i s  a me t abo l ic inh i b i t or and has been u t i l ized 
i n  i nh i b i t ion s t u d i e s  w i t h  ac t i va ted s l udge (Tom l i n son � a l . , 1 96 6 )  
and w i t h  N i trosomouas c u l tu r e  ( Love l e s s  and Pa i n t e r ,  1 9 6 8 ;  Sk inner 
and Wa l ke r , 1 96 1 ,  Me i k l i j o h n ,  1 95 4 ,  both in P a i n t e r ,  1 970 ) . There 
have been no prev ious copper i nh i bi t ion s tudies  ava i l a b l e  for 
n i t r i fy i n g  b i. o f i l ms . On t he bas i s  of  the N i t roso111onas c u l tures 
i s o l a ted from a c t ivated s l udge , howeve r , a s t imu la t o r y  e f fe c t  was 
+2 
expe c t ed a t  c o n ce n t r a t i o n s  of O . UUS - 0 . 03 mg Cu /1 wh i l e an 
i n h i b i t or y e f fe c t  was e xpe c ted a t  conce nt ra t i on s  grea t e r  t han 0 . 05 mg 
cu+2i l  ( Love l e s s  and Pa i n t e r ,  1 968) . 
At a c o p p e r  l E>ve l of  U . UUS mg/ l ,  a s t imu la tory e ffec t wns found 
w i t h t hP b i n f i l m for 1 2 hou r s  ;111d (.l fter  t h e• i n h i b i t or \v:Js n'111ovt>ci 
nnJ rPplnn·d w i t h  nc•w 111l'd i um .  The• n i t r i f i c:1 t i on r a t e  pPnkPd n t  
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3 1 .  7 mg N03 - N / l /h r  ( ne a r l y  3 t imes t h a t  o f  t h e  c o n t ro l )  24 hours 
a f te r  t h e  i nh i b i tor was rep laced w i t h  f r e s h  med i u m .  I n  fac t ,  t h e  
s t imu l a t o r y  e f fec t w a s  s t i l l  n o t i ceab l e ,  a l though a t  a lower l e ve l ,  
4 0  hours a f t e r  the inh i b i to r  w;1s removed . An apptlrcnt leve l ing-o f f  
o f  the r a t e  o (  ammon i a  conve r s i on was n o t iced w h i l e  t h e  c o p pe r  was i n  
c o n t ac t w i t h  thP b i o f i lm .  T h i s  ra t e - s t ab i l i z a t i o n  was not i ced a t  8 
hours and aga i n  a t  2 0  and 44 h ou r s .  These s t a t i c  pha s e s  i n  t he fresh 
medium i n11ne d i :i t e l y  preceded peaks in the n i t r i f i c a t ion r a t f> at  28 
and 48 hou r s ,  respl•c t  ive l y .  The reason for t he apparent r a t e  
sU1b i l i z<1 t i on .:lll d subsPquent pP<ik i s unkown. 
At a c o p p<>r concent rat ion o f  0 . 0 1  mg/ l ,  s im i l ar resu l t s were 
no ted ( F' i g .  6 )  wi t h  r a t e  s t ab i l i za t i o n  agai n  found a t  1 6  and 3 2  hours 
a f t e r  i n i t i a l  copper exposure . The highe s t  n i t r i f i c a t ion r a t e  
reached a t  t h i s  copper concen t ra t i o n  was 25 . 6  mg/ l /hr 2 4  hours a f te r  
t h e  remova l  o f  coppe r .  A t  t h i s  c o n ce n t r a t ion , 7 2  hours a f t e r  i n t ro -
d u c t  i o n  o f  the copp<>r medium, a d ro p  bac k  t o  the norm<1l ( or i g i na l ) 
n i t r i f i c a t i o n  r a t e  was s e e n .  I n  compa r i s o n ,  a r e t u r n  t o  the con t r o l  
r a t e  o f  n i t r i f i c a t i on occurred 66 hou r s  a f t e r  t re a t me n t  w i t h  copper 
a t  0 . 005 mg/ l .  
At 0 . 05 mg cu+2 / l ,  n i t r i f i c a t i o n  a l so was s t imu l a t ed , reac h i n g  a 
+2 
peak leve l o f  29 . 5  mg N03- - N / l /h r  wh i l e Cu was i n  c o n t ac t w i t h  the 
b io f i lm .  T h i s  t ime , howeve r ,  t h e re was n o  marked s t a t i c  pha9e d u r i ng 
the l 2  hour exposure t o  copper ( F i g .  7 ) .  I n  add i t i on ,  there was 
l i t t l t� ,  i f  any ,  s ta t i c  phase e v i de n t  a ft e r  rep l acement of c o p pe r  
medium w i t h  frC'sh mPd ium,  b u t  a marked decrease i n  n i t r i f i c a t i o n  rate 
at 2 4 - 2 8  lwurs d i d  occ u r  p d ur Lo :1 1 1other mo<lC' s t  i 11 c n-•;1se i n  r n t e .  
I\ return t o  t l l(• nori:11:i l 11 i t r i [ i c <i t i 1 1n r a t f' oc: c u rP<I b1• t \vC"Pn S 2 - 5 6  h r s .  
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0 . 1  mg Cu +2/ l ,  the s t j um l a t o r y  e f fe c t  resu l t ed i n  t h e  f a s t e s t  
r a t e  o f  amm<.rn 1 a  conversion recorded d u r i n g  t h e  c o u r s e  o f  a n a l y s i s ,  
3 3 . 5  mg NC 3 -- N / l /h r ,  a f t e r  1 2  h o u r s  o f  con tac t w i t h  the coppe r -
cont a i n i n g  111C'd i 1 1m ( F i g .  8 ) .  A 1 H' n r l y s t r a i gl 1 t  l i 1w rt• l n t i on s l i i p  b1.' -
tween the t ime o f  exposu r e  and the n i t r i f i c a t ion r a t e  o c c u r red wh i le 
t h e  b i o f i l m  \.Jas i n  c o n t a c t  w i t h  the copper medium. Upon r e p l acemPnt 
wi t h  f re s h  medium, a peak n i t r i f i ca t ion r a t e  o f  3 1 . 3  mg N03- -N/ l / h r  
was rc•ached i n  2 4  hou r s .  A t  4 0  hou r s , howeve r ,  t he r a t e  aga i n  peaked 
( 2 3 . 7  mg NO - - N / l / hr ) .  The s ta r t  o f  a pos s i b l e  downward t rend i n  3 
the n i t r i f i c;i t i on r .:i t e  was a l s o  noted a t  5 2  l 1 o u r s  ( 4 0  hou r s  a ( t e r  
copper remova l ) .  A t  t h i s  l eve l o f  coppe r ,  aga i n ,  a v e r y  s l ight s l ow-
down i n  r a t 1:' i nc r e a s e  occurred a t  about 2 4 - 2 8  l 1ou r s  fol low i n g  copper 
medium r e p l acemen t .  
A s t im u l a t ory e f fe c t  was a l s o  s e e n  a t  copper l e v e l s  of U . 5  mg/ l 
( F i g .  9 ) ,  a L t hough the r a t e  w h i l e  t h e  b io f i lm was i n  d i re c t  c o n t a c t  
w i th t h e  cuppc•r med ium o n l y  reached 2 1 . 6  mg N O  - - N / l / h r  ( a ft e r  8 h r ) .  3 
Upon r e p l acement o f  c o p pe r  med i um w i t h  f re s h  med i um ,  the n i t r i f ic a -
t ion r a t e  n•<1ched 2 8 . 6  m g  N O  - -N / l / h r  a t  3 2  hou r s .  By 5 2  hou r s ,  the 3 
n i t r i f i c a t i o11 r a t e  wa s back t o  norma l .  There was s ome e v i dence o f  a 
s t a t i c  pha s e  from 2 0 - 2 8  hou r s ,  b u t  t h e s e  resu l t s  c o u l d  a l s o  have 
been d i r ec t l y  a f fe c t e d  by a somewha t lower than u s u a l  pH ( 5 . 6 - 6 . 0 ) ,  
caus i n g  a dt•pressed e f f e c t  on n i t r i f ic a t i o n  ( En g l e  and A lexande r ,  
l 9 5 8 ) .  
A t  l . O mg cu+2/ l  med i u m ,  i n h i b i t ion o f  n i t r i f i c a t ion was 
immed i a t e l y  n p p a r e n r  ( F i g .  J O ) .  A f t e r  4 ho1 1 r s  of d i r e c t  exposure 
+2 
to t lw 1 . 0 mg Cu / I  L e ve l ,  n r a t 1 •  o [  3 . 6 111g N03 - N / l / h r  ( c omp:in•<l t o  
1 2 - 1 4  m g  N0 3 - N / l / h r  i n  t l 1 e  con t r o l  t e s t s ) wn s re�1ched and n i t r i. ( i -
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c a t ion <lt> c r c><1 sed from t h a t  Leve l .  Af t er rep l a cc'mL'n t w i t h  c oppe r- free 
medium, the n i tri f i ca t ion process stil l was apparen t l y  inh ibi te d  
u n t i l  6 4  hour s a ft f'r the� i n i t i a l  poisoning per iod , when the r a t e  
rc• t u rn<'d l o  normal. A c ompa r i son o f  the r,1 t e o f  11 i t r i f i c�1 t i on .-i r t c • r  
1 2  hours 1 n  t h e  p r e sence o f  d i f ferent leve l s  o f  copper (Fig. 1 1 ) ,  
showed tha t a gradua l increase i n  r a t e  oc c u r rc><l u nt i l  t h e  coppe r 
concentration reached 0 . 1 0 mg/ L ,  then a d rop occurred i nd ica t ing 
i.11hibitio11 <Jt h igh� r Leve l s .  The only leve l t o  s how inhi bit ion in 
the presence o f  copper and for a t ime , in i ts absence , was a t  cop pe r 
concentra l i u11 o f  I . O mg / l .  
I n  pure N i t r osomonas c u l t u re s isolated from ac tiva ted s l udge , 
Skinner an<l Walker ( 1 96 1 )  found t h a t  copper concentrations greater 
than l mg Cu+2 ; 1  i n h i b i ted ammo n i a  o x i d a t ion an<l t ha t  4 mg Cu+2 1 1  
reduced ammon i a  ox ida t i on by abou t 7 5 % .  Love l e ss anci Paint e r  ( 1 968 ) 
found t h a t  i n  pure cu l t ures o f  N i trosomonas , ammonia oxidat ion was 
inh ibi t ed .:l t  copper leve l s gre a t er that 0 . 05 mg C11+2 ; 1  (a t pll 7 . J ) .  
l n  con t ras t , Tom l inson and cowor ker s ( 1 96 6 )  found a c t ivated s l udge to 
b� much more t o le ra n t  to coppe r ,  e xh i b i t i n g  2 5 %  ammonia o x i d a t ion a t  
1 5 0  mg Cu+2 ; 1 .  As seen i n  Tab l e  1 1 ,  i n  t h e  n i t r i fy ing b i o f i l m  ( a t  a 
copper concen t r <1 t jon o f  1 . 0 mg/ l )  n i t r i f i c a t ion o c c u r red a t  1 0% the 
normal r a t e  a l te r  the 1 2  hour d i. r e c t  con t ac t w i t h  the b i o f i  Lm. 
A f t e r  24 l 1ours in f rc•sh med i u m ,  t he n i t ri f i ca t i on r a t e  was c omp l e te ly 
inhibited. ��hen compar isons w i t h  n i t r i f i ca t io n  in pure c u l t ures are 
made , the n i t r i fying biof i l m  seems to be at l ea st as s ens i t ive a s  
the pure c u l t u re . O n  t he other hand , a c t ivated s ludge nit r i fying 
org;rn i sms S (' 1 ·111 111orv t o l (• r;int nf l' (lpper tlwn t lw n i L r i f'y i ng b i of i l m .  
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Table 1 1 .  Variat ion in the n i t r i f i c a tion r a t e s  a t  d i f fering concen­
t r a t ions of copper. 
+2 
mg Cu / L  
0 
0 . 005 
0 . 0 1  
0 . 0 5  
0 .  l 0 
o. 50 
l . 0 0  
% N i t r i f i c a t ion rate 
a ft e r  1 2  hours o f  
copper contact 
1 1 9 %  
l 2 1 %  
1 9 3 %  
2 5 8% 
1 38 %  
J O %  
% Ni t r i f i c a t ion r a t�2 
2 4  h r s .  a ft e r  Cu 
remova 1 
1 00% ( ba s a l  rate ) 
244% 
1 3 3% 
1 90% 
1 6 1 %  
1 4 5 %  
0% 
Hours t o  
return t o  
normal 
a p p .  6 6  
7 2  
5 6  
5 6 + 
48 
68 
43 
This  is proba b l y  due to t h e  f a c t  ( a s  suggested i n  part by Tom l i nson 
� a l . , 1 9 6 6 )  t h a t  a c t i v a t e d  s ludge conta i n s  more o r ga n i c  mate r i a l  to 
com p l e x  the 1t1e t a l  contami n a n t s  than does the b i o f i l111. Another 
pos s i b l e  foc t o r  c on t r i bu t i n g  to the d i f ferences exh ibi ted by the 
three n i t r i ry i n g  sys tems ( pu r e  c u l t ure - s ludge - b io f i lm )  may be 
t h a t  d i f fe r e n t  s t ra in s  o f  N i trosorntrnas ( a n d / o r  Ni. t robac t e r )  can v a r y  
i n  t he i r  se11s i t iv i t y t o  c o p p e r  ( Toml i nson � a l . , 1 966 ) .  
The n i t r i fy ing b io f i lrn exh i b i ted 90% a111111on r n  o x i d a t ion i n h i b i­
+2 
t i on in t he prc•s£>nce o f  l . 00 mg Cu / l  (Table J l )  and i s ,  t he re fo r e ,  
more s en s i t iVl' t o  coppe r t h a n  n i t 1· i f y i n g  a c t i v<Jted s l udgc· s wh i c h  
+2 
exh i b i ted o n l y  7 5% i nh i b i t ion a t  1 50 mg C u  / l (Torn l i nson e t  a l . ,  
1 96 6 ) . Th i s  sugge s t s  t ha t  p l a n t s  u s i ng n i t r i fy i ng b i o f i lms for 
remova l  of ammo n i a  m i g h t  be more e f fe c t ed by shock ( o r  chron i c )  doses 
of copper t !tan those u s ing a c t i va t e d  n i t  r i  fy i.ng s ludge s .  
44 
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